Doxorubicin is a highly effective anticancer drug, but its clinical application is hampered by cardiotoxicity. Asymptomatic diastolic dysfunction can be the earliest manifestation of doxorubicin cardiotoxicity. Therefore, a search for therapeutic intervention that can interfere with early manifestations and possibly prevent later development of cardiotoxicity is warranted. Increased doxorubicin-dependent ROS may explain, in part, Ca 2+ and Na + overload that contributes to diastolic dysfunction and development of heart failure. Therefore, we tested whether the administration of ranolazine, a selective blocker of late Na + current, immediately after completing doxorubicin therapy, could affect diastolic dysfunction and interfere with the progression of functional decline.
Introduction
Doxorubicin is among the most effective antitumor agents successfully used for the management of several neoplastic diseases, but the risk of dose-dependent cardiotoxicity limits its clinical applications. Furthermore, although the reduction of the cumulative dose below 450 mg·m À2 diminishes the incidence of cardiac toxicity, functional abnormalities occur also at significantly lower doses (Lipshultz et al., 2005; Vejpongsa and Yeh, 2014) . Besides the adjustment of doxorubicin dose, none of the several additional strategies for primary prevention of cardiotoxicity (i.e. slow infusion, liposomal formulations, anthracycline analogues and dexrazoxane) is routinely used (Raj et al., 2014) . On the other hand, pharmacological interventions with angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers and/or β-blockers are used only after patients have developed symptoms of cardiac damage or are given prophylactically in patients at high risk of cardiotoxicity. Therefore, they do not constitute a line of therapy that prevents cardiotoxic manifestations (Menna et al., 2012) . As for secondary prevention, the definition of cardiotoxicity needs to be extended, taking into account symptoms other than the reduction in ejection fraction (EF). Recently, it has been observed that diastolic dysfunction can be present early during the course or after ending chemotherapy, in the absence of clear clinical signs that may prognosticate heart failure (HF) (Prestor et al., 2000; Elli et al., 2013; Minotti, 2013) . In both adult and paediatric patients, diastolic dysfunction, as the earliest manifestation of doxorubicin cardiotoxicity, is associated with impaired active relaxation and elevated passive stiffness leading to left ventricle (LV) dysfunction that first appears during diastole and subsequently involves systole (Carver et al., 2007; Salvatorelli et al., 2015; Serrano et al., 2015) .
Although a complete agreement about the molecular mechanisms underlying anthracycline cardiotoxicity has not been achieved, many studies support the hypothesis that oxidative stress plays a central role (Schimmel et al., 2004; Raj et al., 2014) . In cardiomyocytes exposed to doxorubicin, ROS mediate the down-regulation of sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase 2 (SERCA2) (Arai et al., 2000) .
Similarly, in human and animal models of diastolic dysfunction, increased levels of cardiac ROS account for changes in Ca 2+ handling proteins (Kass et al., 2004) . Ca
2+
overload that contributes to diastolic dysfunction is aggravated by alterations in intracellular Na + homeostasis.
Cytosolic Na + overload occurs as a result an increase of the late Na + current (I Na ), carried by voltage-gated Na v 1.5 channels that can be activated by ROS directly, or indirectly with the involvement of Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) (Erickson et al., 2011; Wagner et al., 2011; Coppini et al., 2013a) . At the same time, disturbed Na + and Ca 2+ handling in diseased myocytes may increase ROS production (Kohlhaas et al., 2010) , generating a vicious cycle that sustains oxidative stress, as well as intracellular Na + and Ca 2+ overload. A major determinant of the levels of myocardial ROS is NADPH oxidase, whose involvement has been demonstrated in HF, including that following anthracycline cardiomyopathy (Grieve et al., 2006; Deng et al., 2007; Zhao et al., 2010) . Ranolazine, a potent and selective inhibitor of I Na , improved diastolic function in both animal models and humans (Sossalla et al., 2008 (Sossalla et al., , 2010 Hwang et al., 2009; Figueredo et al., 2011 ). An explanation for its cardioprotective effect includes the reduction of pathological increases in cytosolic Na + and Ca 2+ accumulation (Sossalla et al., 2011; Coppini et al., 2013a; Williams et al., 2014; De Angelis et al., 2016) . Furthermore, ranolazine protected cardiomyocytes from doxorubicin-induced oxidative stress (Tocchetti et al., 2014) . With this background, the use of ranolazine to 
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mitigate the lifetime risk of cardiotoxicity or to alleviate doxorubicin-induced LV diastolic dysfunction in cancer patients is gaining interest (Minotti, 2013; Corradi et al., 2014) , but several compelling arguments are still not validated by experimental evidence. The INTERACT study (www.clinicaltrialsregister.eu: EudraCT n. 2009-016930-29) is a Phase IIB clinical trial conducted on patients who have completed standard dose chemotherapy for the treatment of non-Hodgkin lymphoma or the adjuvant treatment of breast cancer or colorectal cancer. It was designed to test the efficacy of ranolazine in relieving early-detected diastolic dysfunction. Therefore, in line with INTERACT, we tested the hypothesis that the administration of ranolazine immediately after ending doxorubicin therapy may interfere with diastolic abnormalities and attenuate the deterioration of heart function that progresses with time towards overt HF, in a rat model of anthracycline cardiomyopathy.
Methods
Animal protocols
All animal care and experimental procedures in this study conformed to the National ethical guidelines (Italian Ministry of Health; D.L.vo 26, March 4, 2014) and was approved by the Ministry of Health (protocol n. 275/2013-B) and the local ethics committee. All the animal procedures are in accordance with the ARRIVE guidelines for reporting experiments involving animals (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Three-month-old female Fischer 344 rats (Envigo Laboratories, Udine, Italy) were housed under controlled temperature, humidity and 12 h light/dark cycle, and with food and water provided ad libitum. Sixty-six animals were used for the experiments described here. Rats (n = 45) received six i.p. injections of 2.5 mg·kg À1 of doxorubicin, every other day, over a period of 2 weeks to reach a cumulative dose of 15 mg·kg À1 (De Angelis et al., 2015) .
Control rats (n = 15) were injected with saline. Before starting ranolazine treatment (i.e. 2 weeks after the first injection of doxorubicin), rats were monitored by echocardiography for the assessment of diastolic dysfunction and a small portion of them (n = 5 per group) was killed for preliminary analysis. The remaining animals were randomly divided into two experimental groups: DOXO + RAN group (n = 20) received ranolazine daily (80 mg·kg À1 by gavage) for the following 4-weeks; the DOXO group (n = 20) was given with equal volumes of saline. Animals were killed 6 weeks after the first injection of doxorubicin. As ranolazine is a weak inhibitor of drug transporter P-glycoprotein and CYP3A enzymes, which are responsible for doxorubicin metabolism (Minotti, 2013) , in the view of a potential clinical application, a sequential administration (ranolazine treatment after ending chemotherapy) has been preferred to a concomitant treatment. The temporal plan of in vivo procedures are shown in Figure 1 . The dose of ranolazine was comparable with those used clinically in humans (Reagan-Shaw et al., 2008) . The effects of ranolazine treatment on heart function of saline-injected rats (RAN group; n = 6) were also evaluated.
Echocardiography
Rats were anaesthetised with ketamine (100 mg·kg À1 ) and medetomidine (0.25 mg·kg À1 ) and echocardiographic parameters were collected with Vevo 770 (VisualSonics, Toronto, Ontario, Canada) equipped with a 25 MHz linear transducer. Body temperature was maintained at~37°C with a heating pad. Diastolic function was assessed by Doppler echocardiography. Specifically, mitral blood flow velocities were evaluated from a four-chamber apical view by using pulsed-wave Doppler with the sample volume placed at the Figure 1 Experimental Design. 
Circulating brain natriuretic peptide analysis
At the end of the experiment, blood was collected from the abdominal aorta. Plasma was obtained by centrifugation at 4000 × g (15 min, 4°C) and stored at À80°C for further analysis. Brain natriuretic peptide (BNP) levels were measured by using an enzyme immunoassay according to the manufacturer's instructions. All standards and samples were run in duplicate.
Rat cardiomyocyte isolation and culture
Adult rat left ventricular myocytes (ARVM) were obtained from 3-month-old rats (Pacini et al., 2013; Ferrantini et al., 2014) . Animal studies were performed according to the University of Florence laboratory animal guidelines. Isoflurane was used for anaesthesia. The heart was rapidly removed and retrogradely perfused with perfusion buffer [120 mM NaCl, 15 mM KCl, 0.6 mM KH 2 PO 4 , 0.6 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , 5 mM NaHCO 3 , 10 mM Na-HEPES, 30 mM taurine, 10 mM 2,3-butanedione monoxime (BDM), 5.5 mM glucose, pH 7.2] for 10 min at 37°C. The heart was digested with 0.33 mg·mL À1 Liberase TH for 8 min. The heart was then cut into small pieces, and the slurry was filtered through a sterile 150 nm mesh. The filtrate was centrifuged at 400 g for 4 min to separate myocytes from non-myocytes, and the myocyte pellet was resuspended in 10 mL of cultured medium. The myocyte suspension was layered over 60 μg·mL À1 of BSA and allowed to settle for 15 min to further separate myocytes from fibroblasts. The myocyte pellet was resuspended in culture medium. Myocyte concentration was determined using a cyclohexameter and plated on 100 mm laminin coated plastic culture dishes at a density of 100 to 150 cells mm À2 .
The ARVM culture was maintained in serum free culture medium supplemented with 2 mg·mL À1 albumin, 2 mM carnitine, 5 mM creatine, 5 mM taurine, 1 mg·mL À1 BDM and 100 μg·mL À1 penicillin-streptomycin. Doxorubicin was added to half of the culture wells (randomly selected) at a final concentration of 5 μM. Cells were maintained in culture for 24 h and then used for patch-clamp experiments as detailed below.
Patch-clamp measurements
Patch-clamp studies were performed as previously described (Coppini et al., 2013a) . For late I Na measurements, isolated ventricular cardiomyocytes were superfused with an extracellular solution containing 135 mM NaCl, 5 mM CsCl, 1 mM MgSO 4 , 10 mM glucose, 10 mM HEPES and 0.01 mM nitrendipine, pH 7.4, at 25°C. Pipette solution contained 120 mM l-aspartic acid, 20 mM CsCl, 1 mM MgSO 4 , 4 mM Na 2 ATP, 0.1 mM Na 3 GTP and 10 mM HEPES, pH 7.3 (with CsOH). To measure late I Na and the extent of block by 10 μM ranolazine, 500 ms depolarizing steps to À10 mV from a holding potential of À120 mV were applied to cells at a rate of 0.2 Hz. In a subset of experiments, 150 ms depolarizing steps were applied at a rate of 5 Hz. The magnitude of late I Na was determined by integration of the area of the current between 25 and 225 ms after onset of the À10 mV clamp pulse (for 0.2 Hz recordings; 25-125 ms interval was used for 5 Hz recordings), using the integration (area) feature of the pCLAMP program (Molecular Devices, Sunnyvale, CA, USA).
Tissue preparation
For the preparation of frozen sections, isolated hearts were weighted, dissected and then placed onto a tissue mould and covered with OCT cryo-embedding medium. The cryo mould containing the tissue block was placed in a metal beaker filled with isopentane already placed in liquid nitrogen. After ensuring tissue was completely frozen, the tissue block was stored at À80°C, ready for sectioning. Tissue sections (10 μm thick) were generated by a Leica CM3050 S cryostat (Leica Microsystems, Wetzlar, Germany). For molecular biology analysis, heart samples were frozen in liquid nitrogen and then stored at À80°C.
Histochemistry and immunocytochemistry
To evaluate generation of ROS, tissue sections were incubated with the oxidative fluorescent dye, dihydroethidium (DHE) (De Angelis et al., 2004) . Peroxynitrite formation was assessed by using an anti-3-nitrotyrosine antibody. FITC conjugated was used as secondary antibody. Samples were analysed with a Leica DM5000B (Leica Microsystems) microscope and a Zeiss LSM700 confocal microscope (Zeiss, Oberkochen, Germany).
Quantitative reverse-transcription polymerase chain reaction
Total RNA was extracted from heart tissue using the TRIzol reagent according to the manufacturer's instructions. Both cDNA synthesis and PCR were performed simultaneously by using the SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit. Quantitative RT-PCR was carried out using the iCycler iQ System (Bio-Rad Laboratories, Hercules, CA, USA). The transcript levels of SERCA2, Na + /Ca 2+ exchanger 1 (NCX1), Na v 1.5 channels, collagen I and collagen III were measured and the housekeeping gene encoding hypoxanthine phosphoribosyltransferase was used as internal control. Relative expression was calculated using the comparative cycle threshold (Ct) method (2 ÀΔΔCt ).
Western blotting
Tissue samples were lysed in buffer containing 0.1% Triton X100 and a cocktail of protease and phosphatase inhibitors. Protein extracts were then separated on 8-12% SDS-PAGE and transferred onto PVDF membrane. Membranes were probed with primary antibodies against CaMKII, p-CaMKIIThr 287 , oxidized CaMKII (ox-CaMKII), NADPH oxidase isoforms 2 and 4 (NOX2 and NOX4), Na v 1.5 channel, NCX1, SERCA2, phospholamban (PLB), MMP2 and collagen I. Loading conditions were determined with GAPDH. Peroxidase-conjugated secondary antibodies were employed to detect primary antibodies. Antibody binding was visualized by ECL and the optical density of the bands was analysed with a Molecular Analysis software (Bio-Rad Laboratories).
Gel zymography
Frozen tissue was mechanically homogenized on ice in lysis buffer (50 mM Tri-HCl pH 7.4, 150 mM NaCl, 5 mM CaCl 2 , 1% Nonidet P40, 0.1% SDS) including protease inhibitors. Equal amounts of un-denatured total cellular proteins were separated by electrophoresis. Afterwards, gels were incubated in Renaturation and Development buffers, stained with a solution containing 0.5% Coomassie Blue R-250 in 30% methanol and 10% acetic acid and successively destained in 30% methanol and 10% acetic acid solution. The gelatinolytic activity of the MMP2 was shown as transparent bands against a dark blue background.
Data and statistical analysis
Data and statistical analyses comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . The number of replicates was at least n = 5 per group for each data set and results were presented as mean ± SD unless stated otherwise. Data were analysed by using GraphPad Prism (GraphPad software, San Diego, CA, USA). Significance between two comparisons was determined by Student's t-test and, for multiple comparisons, by one-way ANOVA and Bonferroni's post test. Mortality curves were analysed by the standard Kaplan-Meier method with log-rank test. All P values are two-sided and P < 0.05 was considered statistically significant. 
Materials
Results
Doxorubicin and early diastolic dysfunction
After completion of doxorubicin treatment and just before starting treatment with ranolazine, rats were monitored by Doppler and standard echocardiography for the assessment of diastolic and systolic function. While systolic function was unchanged (Figure 2A ), alterations in diastolic parameters by doxorubicin treatment demonstrated an impaired ventricular relaxation. Indeed, higher mitral inflow A wave velocity and lower E/A ratio together with longer IVRT and E Dec t were observed in the DOXO group in comparison to the CTRL rats ( Figure 2B ). No differences were found in other parameters (E, E 0 and A 0 waves and E 0 /A 0 ratio) between the groups (Figure 2B,C) . Because changes in cardiovascular biomarkers, such as natriuretic peptides, can have a prognostic value for the development of HF in asymptomatic patients with normal EF (Minotti, 2013; Lenneman and Sawyer, 2016) , the levels of circulating BNP were evaluated. As a confirmation of diastolic dysfunction at this stage, increased plasma levels of BNP were found after doxorubicin treatment ( Figure 2D ).
Oxidative/nitrative stress and early changes in cardiac Ca 2+ and Na + handling proteins
Cardiac excitation-contraction coupling is affected by oxidative stress, leading to contractile dysfunction in HF (Köhler et al., 2014 ). In our model, oxidative/nitrative stress analysis showed an increased formation of ROS and reactive nitrogen species (RNS), as documented by DHE and 3-nitrotyrosine staining in the DOXO group, compared with the levels in control rats ( Figure 2E,F) . Furthermore, altered mRNA and protein expression levels of SERCA2, NCX1 and Na v 1.5 channels in the hearts of doxorubicin-treated animals were observed. Particularly, after the completion of doxorubicin treatment, SERCA2 expression significantly decreased, while that of Na v 1.5 channels increased ( Figure 2G ). The involvement of CaMKII, which triggers the activation of Na v 1.5 channels (Sossalla et al., 2011; Köhler et al., 2014) , was demonstrated by its elevated phosphorylation levels observed in the DOXO group. The ox-CaMKII level did not change ( Figure 2H ).
Proof of concept of doxorubicin effects on late I Na
To validate the hypothesis that increased late I Na following CaMKII-dependent, Na v 1.5 channel activation occurs upon doxorubicin exposure, we measured Na + influx in isolated cardiomyocytes. For this purpose, ARVM were isolated and cultured for 24 h in the presence or absence of 5 μM doxorubicin and were then used for patch-clamp measurement of late I Na ( Figure 3A ,B). Late I Na was significantly increased in doxorubicin-treated cardiomyocytes as compared with cells exposed to vehicle ( Figure 3C ). Peak I Na was, however, not affected by doxorubicin treatment (Table 1) . Interestingly, the application of 10 μM ranolazine in DOXO-treated cardiomyocytes reduced late I Na to the level of control cells, while the drug did not significantly change the current recorded in vehicle-treated cardiomyocytes ( Figure 3C , Table 1 ). Because the effects of ranolazine are rate-dependent, the inhibitory effects of this conmpound drug were more pronounced when the current was elicited at 5 Hz as compared with 0.2 Hz (Table 1) .
Effects of ranolazine on animal survival and body weight
While doxorubicin treatment had detrimental consequences for the general condition of the animals, 4 weeks of ranolazine treatment had a beneficial effect on animal health and partly counteracted the progressive weight-loss observed in the DOXO group of rats ( Figure 4A ). Moreover, the Kaplan-Meier analysis showed a reduction in mortality within the DOXO + RAN group when compared to the DOXO group ( Figure 4B ). There were no deaths in the control group.
Effects of ranolazine on cardiac function
Four weeks after the last injection of doxorubicin, cardiac function was examined. Our data demonstrated a progressive deterioration of diastolic and systolic function in the DOXO group, compared with the intermediate time-point, immediately after the end of doxorubicin treatment. On the contrary, rats receiving ranolazine showed a minor worsening of systolic function (not seen after doxorubicin treatment) and a relief of diastolic dysfunction. Specifically, the DOXO group of rats showed a progression of diastolic dysfunction as demonstrated by Doppler echocardiography. Pulsed-wave Doppler displayed a restrictive filling pattern of the mitral valve inflow, characterized by elevation in the E/A ratio and shortening of the E Dec t. In DOXO + RAN rats, however, 4 week treatment with ranolazine was sufficient to preserve diastolic performance and to reverse the functional abnormalities caused by doxorubicin. Indeed, A wave velocity, E/A ratio, IVRT and E Dec t were comparable to parameters recorded in CTRL animals ( Figure 4C ). Tissue Doppler parameters wereunchanged and comparable among experimental groups ( Figure 4D ). On the other hand, as measured by M-mode echocardiography,
Figure 3
Effects of doxorubicin (DOXO) treatment on late I Na and inhibition by ranolazine (RAN). (A) Representative superimposed traces of late I Na from control (CTRL) and doxorubicin-treated rat cardiomyocytes. (B) Representative superimposed traces of late I Na from a doxorubicin-treated cardiomyocyte in the absence (DOXO, red) and presence of 10 μM ranolazine (DOXO + RAN, purple). (C) Average late I Na density integrals, calculated from 25 to 225 ms after the onset of a 500 ms depolarization step from À120 to À10 mV. Means ± SEM from 17 CTRL (four rats) and 18 DOXO (four rats) cardiomyocytes. *P < 0.05, significantly different from CTRL (unpaired t-test ); **P < 0.05, significantly different from DOXO (paired t-test ). doxorubicin induced a significant reduction in EF and FS, with respect to control rats, and ranolazine was able to attenuate the deterioration of systolic function ( Figure 4E ). No effect of ranolazine on heart function was observed when this compound was administered to healthy animals. The diastolic and systolic parameters were comparable to that recorded in CTRL group ( Figure 4C -E) and ranolazine did not affect heart rate (not shown). As ranolazine treatment had no effect on cardiac performance, no further investigations on the RAN group were pursued. Finally, the levels of circulating BNP, higher in the DOXO group, were significantly diminished after treatment with ranolazine ( Figure 4F ).
Ranolazine and oxidative stress
Myocardial NOX2 NADPH oxidase expression significantly increased in the DOXO group, compared with the CTRL group. The involvement of NOX4 isoform seemed to be less marked, given the slight modulation occurring in our experimental conditions. Additionally, the content of DHE and peroxynitrite (3-nitrotyrosine) were higher in the myocardium of the DOXO group than in the CTRL group. Conversely, treatment with ranolazine decreased oxidative and nitrative stress, supporting the concept that such a reduction mediates the beneficial effects of ranolazine ( Figure 5A-C) .
Effects of ranolazine on cardiac Ca 2+ and Na
+ handling proteins
With respect to control, the DOXO group showed a decrease in SERCA2 and an increase in NCX1 mRNA and protein levels. Treatment with ranolazine reduced NCX1 expression and, most importantly, increased that of SERCA2 ( Figure 6A ). The beneficial effect of ranolazine on ameliorating Ca 2+ re-uptake was reflected by the increase in the SERCA2/PLB ratio ( Figure 6B ). These findings confirm the link between Na + and Ca 2+ handling in doxorubicin cardiotoxicity. Late I Na hyperactivation, due to ROS and RNS overproduction, might directly cause a cytosolic Ca 2+ overload. Expression of mRNA and protein for Na v 1.5 channels were increased in the DOXO group. Long-term ranolazine treatment significantly attenuated Na v 1.5 channel overexpression, probably as a consequence of the reduced Ca 2+ overload ( Figure 6C) . Moreover, the increased phosphorylation and oxidation of CaMKII, a key regulator of Na + and Ca 2+ homeostasis, following doxorubicin exposure, were decreased by ranolazine ( Figure 6D ).
Effects of ranolazine on myocardial remodelling
Extracellular matrix remodelling and interstitial fibrosis are constantly present in the development and progression of doxorubicin cardiotoxicity (De Angelis et al., 2015; Cappetta et al., 2016) . Therefore, the effects of ranolazine on doxorubicin-induced extracellular matrix remodelling and fibrosis was evaluated. When compared with control animals, MMP2 expression increased in the DOXO group. Treatment with ranolazine prevented this increase ( Figure 7A ). Moreover, MMP2 gelatinolytic activity in myocardial tissue from ranolazine-treated rats was significantly reduced ( Figure 7B ). Consistent with these results, ranolazine also attenuated the increase in collagen type I along with the higher collagen type I-to-type III ratio observed in the DOXO group ( Figure 7C ).
Discussion
The late recognition of doxorubicin cardiotoxicity is associated with a poorer prognosis, due to potentially irreversible LV dysfunction, and the lack of clinical response to pharmacological therapy (Cardinale et al., 2010; Plana et al., 2014) . In this view, the early detection of cardiac abnormalities, even when asymptomatic, may have important clinical implications. As diastolic dysfunction, as an early sign of cardiotoxicity, can predict and contribute to the onset of HF, there is a possibility that the intervention within this particular window may prevent the development of overt HF. In our experimental setting, at the completion of doxorubicin treatment, systolic indices were normal while altered diastolic parameters defined an impaired ventricular relaxation. The evidence of an early functional disorder was supported by the rise in plasma BNP, immediately after doxorubicin treatment. BNP has been used not only as a biomarker for the diagnosis of HF, but also to detect asymptomatic LV dysfunction and to predict the prognosis (Minotti, 2013; Ishigaki et al., 2015; Lenneman and Sawyer, 2016) . In doxorubicin-induced cardiotoxicity and diastolic dysfunction related to other pathologies, increased oxidative stress and intracellular Ca 2+ dysregulation are commonly present and closely interconnected (Octavia et al., 2012; Paulus and Tschöpe, 2013) . In diastolic dysfunction, characterized by the presence of ROS, RNS and hypoxia, the hyperactivation of late I Na is constantly reported as well. A similar scenario can occur in the heart exposed to doxorubicin, where the continuous formation of ROS/RNS together with increased cytoplasmic Ca 2+ may lead to activation of late I Na (Minotti, 2013; Corradi et al., 2014) . In our study, high levels of oxidative stress together with significant alterations in Ca 2+ handling proteins (SERCA2 and NCX1) were detected at the end of doxorubicin treatment. This is consistent with previous studies showing the association of LV diastolic dysfunction and doxorubicin, with SERCA2a-dependent, abnormal active relaxation in cardiomyocytes (Neilan et al., 2007; Octavia et al., 2012) . Doxorubicin exposure increased myocardial Na v 1.5 channel (Erickson et al., 2011; Sag et al., 2011; Coppini et al., 2013b; Kreusser and Backs, 2014 (Wagner et al., 2006; Erickson et al., 2008; Wagner et al., 2011; Coppini et al., 2013a) . Therefore, the use of ranolazine may be beneficial in diastolic dysfunction and chemotherapeutic cardiotoxicity, due to its capacity to reduce late I Na and cytosolic Na + , and consequently to counteract intracellular Ca 2+ accumulation (Minotti, 2013; Corradi et al., 2014; Mihos et al., 2016; Banerjee et al., 2017) . In a previous study in mice, ranolazine was shown to act as an antioxidant when co-administered with doxorubicin (Tocchetti et al., 2014) . However, the effect of ranolazine on diastolic dysfunction and Na + and Ca
2+
handling was not addressed. Moreover, pharmacokinetic profiles indicating a possible interaction between ranolazine and doxorubicin at the level of CYP3A and P-glycoprotein (Jerling, 2006; Wilde et al., 2007; Minotti, 2013) prompted us to avoid the concomitant administration of these drugs, in line with the INTERACT study. With this background, the use of ranolazine to target the vicious cycle induced by anthracycline, fuelled by ROS and late I Na appears a reasonable strategy (Figure 8 ). Ranolazine treatment of animals exposed to doxorubicin translated into significant functional improvements. In contrast to a progressive deterioration of diastolic and systolic function observed in the DOXO group , 4 week treatment with ranolazine led to a relief in diastolic dysfunction and a minor worsening of systolic function with time. The prevention of the progression towards the failing phenotype was reflected by better general conditions and increase in survival rate.
Afterwards, molecular studies were performed to explore the possible underlying mechanisms. Due to the multifactorial nature of the pathogenesis of anthracycline cardiotoxicity, with a wide spectrum of molecular mechanisms involved, doxorubicin cardiotoxicity is still an unsolved riddle, where the cardiac phenotype is a result of processes that are reciprocally linked, often in a self-propelling manner. The beneficial effects of ranolazine discussed above can be explained, at least in part, by our observations. Treatment with ranolazine reduced NCX1 and increased SERCA2 expression and SERCA2/PLB ratio. Moreover, expression of myocardial Na v 1.5 channels was restored to normal levels. In parallel, acute application of ranolazine to doxorubicin-treated cardiomyocytes reduced late I Na to the level of control cells. These data suggest that ranolazine treatment, by counteracting doxorubicin-induced increase in late I Na , was able to reverse the functional consequences of doxorubicin on cardiomyocytes, both directly (by normalizing Ca 2+ fluxes) and indirectly (by normalizing the expression level of channels and transporters). Changes in the expression of ion channels and Ca 2+ -transporters by ranolazine treatment were likely to be the consequence of the reduced phosphorylation of CaMKII. Conversely, elevated p-CaMKII and ox-CaMKII levels in the DOXO group indicated a continuing CaMKII activation that may be driven by the persistent oxidative/nitrative stress, elevated long after the clearance of doxorubicin and its metabolites. A challenging hypothesis is that doxorubicin can be considered as a pharmacological stressor that leaves its ROS-dependent "molecular signature" and triggers a chronic oxidative vicious cycle. A long-lasting augmented ROS production may be implemented by NADPH oxidases, which are implicated in the development of chronic anthracycline cardiotoxicity (Deng et al., 2007; Octavia et al., 2012; Stěrba et al., 2013 Figure 8 Schematic illustration of the positive feedback loops leading to to Ca ++ overload, via increased late I Na , and the consequent cardiotoxicity, induced by doxorubicin. The possible sites of action of ranolazine, on Na v 1.5 channels, to break this vicious cycle are also shown.
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D Cappetta et al. Falco et al., 2016) . Genetic disruption of NOX2 is known to protect against doxorubicin cardiotoxicity, while doxorubicin-treated wild-type mice display NOX2 and NOX4 up-regulation and increased oxidase activity (Deng et al., 2007; Zhao et al., 2010) . Notably, the association between cardiotoxicity and gene variants in the subunits of human NADPH oxidases reinforce the relevance of these enzymes in anthracycline cardiomyopathy (Wojnowski et al., 2005; Reichwagen et al., 2015) . By counteracting doxorubicin-induced increases of NOX2 and NOX4 expression, ranolazine positively affected late consequences of doxorubicin, supporting the early initiation of ranolazine treatment to prevent the development of late anthracycline cardiomyopathy.
Dysregulation of ion homeostasis and myocardial oxidative stress by doxorubicin have structural outcomes and influence the remodelling process. Treatment with ranolazine lowered MPP2 expression and activity along with a reduction in collagen content. The anti-fibrotic effects of ranolazine may be the consequence of the reduced CaMKII activation, as CaMKII is among the main drivers of fibrotic remodelling in cardiac diseases (Kreusser and Backs, 2014) .
Our observation that administration of ranolazine in healthy animals did not alter systolic and diastolic markers is compatible with the notion that, in the absence of disease, the amplitude of late I Na is small and its inhibition is not expected to change the function of the normal heart. Additionally, ranolazine did not modify late I Na in vehicletreated cardiomyocytes, while it markedly reduced the enhanced current measured in cells treated with doxorubicin. These data are supported by several studies showing the neutral effect of ranolazine on healthy animals or cardiomyocytes from normal hearts (Sabbah et al., 2002; Undrovinas et al., 2010; Coppini et al., 2013a; Tocchetti et al., 2014) .
Limitations
We are aware that our study has several limitations. First, the direct link between doxorubicin and late I Na in vivo is missing, although the electrophysiological experiments performed in vitro showed that doxorubicin is able to raise late I Na in cardiomyocytes, thus demonstrating a mechanism by which ranolazine, by restoring a normal amplitude of late I Na , counteracts doxorubicin toxicity. These in vitro findings represent an indirect link, but they support the mechanistic hypothesis and strengthen the rationale of our study.
Second, the use of DHE for targeting superoxide anion generation has several technical limitations. DHE can undergo non-specific oxidation by more than one oxidant, such as peroxynitrite or hydroxyl radical, which reduces its specificity as an index of superoxide anion. Despite this, the DHE assay is considered suitable for qualitative assessment and thus provides relevant information about ROS production. Because our study aimed at testing the effects of ranolazine on diastolic dysfunction in the early stages of doxorubicin-induced HF, we did not identify the contribution of each specific oxidant to in the mediation of doxorubicin effects in the heart. DHE was used as one of the approaches that, together with NADPH oxidase and nitrotyrosine, have shown the already well-documented involvement of ROS and RNS in doxorubicin cardiotoxicity.
Finally, given the recognized complexity of known (and unknown) aspects of doxorubicin-induced HF, where a dissection of a single contributing event has been challenging for decades, the identification of a particular 'master mechanism' although ambitious, was not pursued. We tested a clinically relevant intervention that may interrupt one of the arms of the vicious cycle triggered by doxorubicin and explored the mechanistic aspects that can explain our findings. As with other individual studies on doxorubicin cardiotoxicity, our work represents a fragmentary view of a far more complex general picture and by necessity have to be viewed as "an attempt" to approach a definitive answer.
Conclusions
In the search for early interventions that may change an unfavourable course of doxorubicin cardiomyopathy, the importance of early diastolic dysfunction should not be underestimated, as it could serve not only as a tool for the prompt detection of cardiac damage in cancer patients but may also represent a therapeutic target. The use of ranolazine as a cardioprotective agent to reverse diastolic dysfunction may be viewed as a potential secondary prevention for late anthracycline cardiotoxicity. An interesting aspect of the potential use of ranolazine in oncological settings could also emerge from the current research showing that drugs targeting voltage-gated Na + channels may have anti-invasion and anti-metastatic effects (Djamgoz and Onkal, 2013; Driffort et al., 2014; Koltai, 2015) .
